This paper draws attention to selected experiments on enzymecatalyzed reactions that show convex Arrhenius plots, which are very rare, and points out that Tolman's interpretation of the activation energy places a fundamental model-independent constraint on any detailed explanation of these reactions. The analysis presented here shows that in such systems, the rate coefficient as a function of energy is not just increasing more slowly than expected, it is actually decreasing. This interpretation of the data provides a constraint on proposed microscopic models, i.e., it requires that any successful model of a reaction with a convex Arrhenius plot should be consistent with the microcanonical rate coefficient being a decreasing function of energy. The implications and limitations of this analysis to interpreting enzyme mechanisms are discussed. This model-independent conclusion has broad applicability to all fields of kinetics, and we also draw attention to an analogy with diffusion in metastable fluids and glasses.
I
n recent years, an increasing number of studies have measured the temperature dependence of enzyme reactions for both thermostable and mesostable enzymes (enzymes from organisms that grow optimally at high temperature and at normal body temperature, respectively). The temperature dependence is usually exhibited in an Arrhenius plot, which is the natural logarithm of the rate coefficient vs. reciprocal of the absolute temperature ( Fig. 1) . Some of the methodologies for measuring the temperature dependences of reaction rates have been applied to measure the temperature dependences of the kinetic isotope effects (KIEs) of the catalyzed reactions as well, and such experiments provide experimental data very relevant to characterizing the dynamical bottlenecks of the reactions (1) (2) (3) (4) (5) (6) . A large number of theoretical models have been advanced for the interpretation of this kind of data (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) .
Experiments on reactions catalyzed by a variety of thermostable and mesostable dehydrogenase and oxidase enzymes have shown that in some cases the Arrhenius plot for the chemical step is convex (20) (21) (22) (23) . In the present paper, we comment on the significance of this observation, and we provide an interpretation of this finding that places it in the broader perspective of nonbiological chemical as well as biochemical kinetics. This paper points out that the convex Arrhenius behavior places a severe constraint on the microcanonical unimolecular rate coefficient for the chemical step. In particular, we can go beyond the obvious interpretation that a convex Arrhenius plot can be interpreted as a lower than expected rate at high temperatures, and we can say, under certain conditions, that the microcanonical unimolecular rate coefficient for the chemical step must actually decrease with increasing energy.
In general, it is desirable to separate the interpretation of experimental data into two steps. First, we infer general consequences that rest on solid foundations such as thermodynamics and general principles of statistical mechanics. Second, we proceed to more microscopically detailed models that rest on less sure footing. The new aspect of the present analysis is concerned entirely with the first step.
The striking feature of the reactions in refs. 20-23 that we discuss here is the positive convexity C of their Arrhenius plots, where
k(T) is the catalytic rate coefficient, and T is temperature. We write
where
E a is the temperature-dependent phenomenological energy of activation, and R is the gas constant. Thus a positive convexity means that E a decreases with increasing temperature. In the broad field of kinetics, not restricting consideration to enzyme kinetics, when nonlinear Arrhenius plots can be observed, they are almost always concave, i.e., C is negative. This general result is explained by Tolman's interpretation of the activation energy, which may be written as (25) (26) (27) )
where a double overbar denotes an average over all reacting systems, and a single overbar denotes an average over all systems, whether or not they react. In words, Tolman's Eq. 4 states that the negative of the local slope of an Arrhenius plot can be interpreted as equal to the average energy of molecules that react minus the average energy of all possible reactants. For unimolecular reactions of a thermally equilibrated species:
and
where E is total energy, dP͞dE is the normalized probability density that a system has energy E in a canonical ensemble at temperature T, and k(E) is the unimolecular rate coefficient for a microcanonical ensemble at energy E. §
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One can make a more precise statement about the consequence of E ញ decreasing or increasing less rapidly than E as temperature increases. By noting that
where ␤ is 1͞RT, and (E) is the density of states, and by using Eqs. 4-6, one can easily show that
Thus the statement that dE a ͞dT is negative is the same as the statement that the distribution of reaction energies is narrower than the distribution of reactant energies. If dP͞dE were symmetric about E , then the sign of dE a ͞dT would depend on the shape of the function k(E), and not just its sign. But dP͞dE is actually a highly skewed function. For typical molecules, its shape is well approximated by setting (E) in Eq. 7 equal to E nϪ1 , where n is approximately equal to the number of degrees of freedom (31) . If one assumes this form and also assumes that k(E) varies slowly and linearly over the important range of the integrals in Eq. 6, one can show that the right-hand side of Eq. 8 is proportional to dk͞dE with a positive constant of proportionality. For more complicated k(E) functions, one no longer has exact proportionality, but the direction of the effect is established by the positive skewedness of dP͞dE. Although the identity of the signs of dE a ͞dT and dk͞dE is not a mathematical theorem, it is expected to hold for normal densities of states and smooth k(E) functions.
This result presents a constraint on any microscopic interpretation, and-equally importantly-it suggests new microscopic interpretations. For example, suppose that the reactant configuration space may be partitioned into two types of conformations, one of which (called type R) is reactive with rate coefficient k R (E) and the other of which (called type N) is nonreactive with zero rate coefficient. Then
where P R (E) is the conditional probability that a system having energy E is in a conformation of type R. This provides a mechanism for k(E) to decrease with E, i.e., P R (E) decreases with E faster than k R (E) increases. This could occur because higher-energy systems visit a wider region of phase space and hence spend a smaller fraction of their time in any single constrained region. This interpretation may be of special importance for enzymology. In recent years, several studies have been concerned with understanding the role of conformational sampling in enzyme catalysis (17, 18, 22, (32) (33) (34) (35) (36) (37) . In a recent review, Bruice and Benkovic (17) argued that the active configurations sampled by the enzymatic complex are not of higher energy than the general population of conformers and that populating these conformations may determine the reaction rate. In contrast to the sometimes detailed models in the papers cited, the present interpretation proceeds on very general grounds without invoking any particular microscopic molecular mechanism or model such as tunneling promoted by thermally excited enzyme fluctuations (11, 13, 38, 39) , free energy of activation calculations including proper sample over conformations (40) , or specific mechanisms of transitions between microstates of varying conformational flexibility (41) (42) (43) (44) . Nevertheless, it can clearly accommodate more specific interpretations such as a protein that is rigid at low T or a dynamical motion that requires population of specific low-energy vibrational states. However, nothing we have said here gives specific support to such models, whose validity should be examined by further experiments and detailed simulations. The present discussion does not specifically invoke effects associated with the breakdown of transition state theory. Quantum effects like tunneling can be accommodated by simply including them in k(E) or k R (E).
In the context of our analysis, the results mentioned above for thermophilic alcohol dehydrogenase ADH-hT (22, 32) can be interpreted in terms of the relative trends in E ញ and E when temperature is changed. A widely advanced hypothesis is that thermophilic enzymes have evolved to function in their physiological niche, that is, at elevated temperature, and are less active at room temperature (even less active, in some cases, than anticipated by their enthalpy of activation at physiological temperature). Our analysis may offer a connection between that notion and calculations concerned with the identification of active and nonactive conformations (16, 17) . For example, Wrba et al. (21) reported an empirical observation that, for enzymes with different melting temperatures, the difference in the temperatures of maximum curvature in Arrhenius plots is similar to the difference in melting temperature. This may be related to shifts in P R (E) and k R (E) dependencies on E in the ranges that are important at the transition temperatures for denaturation and activity. As an additional example, we note that it was recently suggested that it is ''perhaps not surprising that, for COH-bond cleavage reactions, a partitioning of thermal energy into low-frequency protein modes is a major factor. These modes can become significantly excited at ambient temperature, in contrast to the COH stretching mode, which is expected to be largely confined to its zero-point energy level'' (22) . These kinds of considerations can be related to the temperature dependence systems with a given total energy. Note that Ea, E ញ , E , and dP͞dE are all associated with the canonical ensemble and therefore are functions of T, and dP͞dE equals the Boltzmannweighted density of states times a normalization constant (28) . ¶ Microcanonical rate coefficients usually increase with energy in both over-barrier and tunneling regimes except at very low temperature where the reaction occurs entirely by tunneling in the reactant ground state (29, 30) . Fig. 1 . Concave, linear, and convex Arrhenius plots where k is rate coefficient, and T is the absolute temperature.
of E ញ and E and hence to the concavity or convexity of Arrhenius plots.
The general conclusion about the energy dependence of the microcanonical rate coefficient is also applicable to convex Arrhenius plots that are occasionally observed in other studies. If one is to apply these arguments, one must be careful to ensure that the convex Arrhenius plot represents a true elementary reaction with internally equilibrated reactants. For example, in the prototype steady-state problem
it can be applied to k 1 , k Ϫ1 , or k 2 , but not generally to k. However, if k Ϫ1 and k 1 are much larger than k 2 , then k becomes an elementary rate coefficient for A 3 C, and no conclusions are changed by the pre-equilibrium before the rate-determining step. This further applies to the case in which k 2 is much greater than k 1 and k Ϫ1 , where k becomes k 1 . A special case where the steady-state approach may be applied is that in which A corresponds to unbound reactant and enzyme, state B is the Michaelis complex, and state C is the product (45) . Note that in this case k 1 (in Eq. 12) should be a second order rate constant leading to the Michaelis equation:
where [S] is the reactant (substrate) concentration, V max is the reaction rate at [S] much higher than K M , which is the Michaelis constant, (k 2 ϩ k Ϫ1 )͞k 1 , for Eq. 10. The discussion does not apply to effective rate coefficients resulting from a change in the rate-determining step or to changes in effective enzyme concentration [irreversible denaturation or a reversible inhibition equilibrium of the reactants (46)], nor does it apply to rate coefficients with hysteresis attributable to glass formation. This point should be emphasized for enzymatic reactions: do the rates measured actually represent a meaningful consistent rate constant over the whole temperature range? For example, in an early report of convex Arrhenius plot for the thermophilic alcohol dehydrogenase from Bacillus stearothermophilus (ADH-hT), all measurements were conducted with the same substrate concentration (that was saturating the enzyme at room temperature), and V max was presented (47) . A later report (22) found that K M increases with temperature so at high temperature [S] was not sufficiently larger than K M , and the measured rate was found to be slower than V max , presenting an apparently convex Arrhenius plot. Even for the simplest realistic enzyme kinetics, mechanism 10 should be augmented by a product release step, and the data should be analyzed with due regard for the commitment to catalysis and the ratio of catalysis (48, 49) ; otherwise, the measured k cat may show a different temperature dependence than the intrinsic k 2 . Refs. 20-24 have been selected as examples where particular care was taken to ensure and demonstrate that the Arrhenius plot corresponds to a single rate-limiting elementary chemical reaction step as function of temperature. Rubach and Plapp (personal communication of unpublished results), for example, used stopped-flow pre-steady state techniques to measure KIEs on microscopic rate constants to study the reaction catalyzed by horse liver alcohol dehydrogenase. They found convex Arrhenius plots for both hydride and deuteride transfer, but no temperature dependence of the KIEs, and they demonstrated that no change in the rate-determining step was likely to affect their results. We further excluded cases for which the temperature range allows for irreversibly melted or partially melted protein. In contrast to the enzymatic examples showing convex Arrhenius behavior involving a single elementary step, we mention the case of skin permeation of drugs, where convex Arrhenius behavior has been observed, but where the elementary steps have not been or cannot be sorted out (50, 51) . For comparison with permeation through skin, we also mention that the somewhat better defined case of non-Arrhenius temperature dependence of diffusion in amorphous solids has been modeled by a multistep site-hopping model (52, 53 ). An example from organic chemistry provides a useful illustration of these concepts in conjunction with a temperaturedependent structural reorganization. This model is one particular example of a model that could be consistent with the model-independent result presented here. For nonbiological reactions we expect that particularly reactive configurations will often be high-energy species. It is possible that convex Arrhenius plots will be more common in biological systems because an enzyme may have specifically evolved such that the lowest-energy states (i.e., the most accessible ones at ambient T) are the reactive ones, thereby leading to low E ញ even as T is increased.
Convex Arrhenius plots have also been observed for diffusion in supercooled liquids and glasses. Such cases, like the skin permeation problem mentioned above, may be complicated by multiple parallel pathways, but nevertheless have yielded to detailed analysis. One widely quoted explanation is that molecules in low-temperature liquids diffuse by crossing appreciable potential barriers, whereas at high-temperature, diffusive motions are almost free (24, 56) . This model recognizes that as temperature is raised, thermal energies will become larger compared to barrier heights; what is required for a convex Arrhenius plot is that the average energy of molecules making transitions (in this case, diffusive hops from one local minimum to another) rises more slowly than the average energy of all molecules. There are many detailed theories of non-Arrhenius behavior in metastable fluids and glasses that do not explicitly address the temperature dependence of the activation energy in terms of Tolman's interpretation (58), but any consistent explanation of a convex Arrhenius plot in terms of local equilibrium elementary rate coefficients must be consistent with Tolman's result at some underlying level, even if this is not explicit or not even recognized.
In summary, the present article has pointed out the fundamental microcanonical information that is provided by an observation of Arrhenius plot convexity, but which has apparently not previously been interpreted. The analysis has widespread applicability and makes a definite model-independent prediction about average energies of systems making transitions. The result is relevant to all fields of kinetics (in enzymes, in atmospheric chemistry, in cluster reactions, etc.) where convex Arrhenius plots may be observed, and we have therefore kept the presentation as general as possible, while citing recent experiments with thermostable and mesostable dehydrogenase and oxidase catalysts as specific examples exhibiting the phenomenon. We have also made a connection to the theory of diffusion. We hope that the point of view espoused in this paper will stimulate new ways of thinking about reaction rates, catalysis, and diffusion.
